Grams of copper selenides (Cu 2-x Se) were prepared from commercial copper and selenium powders in the presence of thiol ligands by a one-pot reaction at room temperature. The resultant copper selenides are a mixture of nanoparticles and their assembled nanosheets, and the thickness of nanosheets assembled is strongly dependent on the ratio of thiol ligand to selenium powder. The resultant Cu 2-x Se (0 ≤ x ≤ 0.25) nanostructures were treated with hydrazine solution to remove the surface ligands and then explored as a potential thermoelectric candidate in comparison with commercial copper selenide powders. The research provides a novel ambient approach for preparation of Cu 2-x Se nanocrystallines on a large scale for various applications. 
Introduction
Transition metal chalcogenides have attracted considerable attention due to the wealth of physical and chemical properties that can be tuned through the careful manipulation of synthesis conditions. Copper selenides are typical transition metal chalcogenides with diverse applications ranging from energy conversion/storage to the biomedical regime, [1] [2] [3] [4] e.g., lithium-ion or sodiumion batteries, 5, 6 electrocatalysis, 7 quantum-dot-sensitized solar cells, 8, 9 and photothermal therapy. 10 Some of these applications require large amounts of samples for testing and measuring their performance, e.g., thermoelectric measurement requires gram-scale powders for sintering a small pellet, 11, 12 photovoltaic test needs tens of individual cells in a batch. [13] [14] [15] [16] [17] In the thermoelectric regime, introduction of nanoscale structures into conventional thermoelectric bulk materials has been proven to be an effective way for improvement of thermoelectric performance. For example, non-doped β-phase Cu 2 Se and Cu 2-x Se fabricated by high-temperature solid state reaction have a figure of merit, ZT, of around 1.5 at 1000 K, 18 which can be enhanced to 1.7−1.8 at 700℃ by the introduction of nanoscale precipitates through fast quenching of their liquids in the latest report. 19 Although various strategies, such as hydrothermal or solvothermal approaches, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] sonochemistry, 31, 32 electrochemical-deposition,
The color of the mixture gradually turned to black, suggesting the reaction of reddish copper with gray selenium powder. After the mixture was reacted for 24 h under gentle stirring, black precipitates were separated by centrifuge. These precipitates were dispersed in 20 mL hydrazine solution and stirred overnight. 16 The precipitates were separated, washed with distilled water and ethanol several times, and then dried in vacuum at room temperature.
Characterization. X-ray diffraction (XRD) patterns for all samples were collected using Cu
Kα radiation (λ = 1.5406 Å) at 40 kV and 25 mA at a scanning rate of 2° min Thermoelectric measurements. The hydrazine-treated copper selenide nanopowders were loaded into a graphite die with a diameter of 20 mm and sintered into a pellet at 430 ℃ under 65
MPa for 10 min by the spark plasma sintering (SPS) technique. The resultant pellet was cut into pieces and polished into parallelepipeds with dimensions of ∼2 mm × 3 mm × 10 mm. The parallelepipeds were coated with a layer of boron nitride to protect the instrument against evaporation of the elements. 39 The electrical conductivity and the Seebeck coefficient were measured simultaneously under helium atmosphere from room temperature to 480 ℃ using an Ozawa RZ2001i (Japan). A Linseis LFA1000 (Germany) instrument was used to determine the thermal diffusivity of samples that were cut and polished into a disk shape with a diameter of 10 mm and a thickness of 1 mm. The thermal conductivity (κ) was calculated using Equation (1):
where D is the thermal diffusivity, C p is the heat capacity, and ρ is the density of the sample, which was calculated using the geometrical dimensions of the specimen and its mass. The heat capacity was determined using the differential scanning calorimetry (DSC) method.
Results and discussion
Copper selenide was fabricated from commercial copper powders and selenium powders in the presence of 2-mercaptoethanol at room temperature, and the resultant nanostructures were treated with hydrazine solution to remove surface organic material, which can influence the thermoelectric properties of pellets sintered from nanopowders due to the evaporation of organics during sintering and measurement at high temperature. Figure S3 ). [40] [41] [42] The spectra also confirm the absence of the typical peak of the -SH group at 2500-2600 cm -1 . 43 It is well known that Cu 2-x Se is easy to oxidize, 2, 44 and XPS was used to determine the ratio of different valence states of Cu (i.e., Cu + /Cu 2+ ) in both non-treated and treated Cu 2-x Se samples Previous reports on the preparation of high crystalline metal chalcogenides, such as CuSe made from copper and selenium in pure 2-mercaptoethanol, 49 and Bi 2 S 3 nanorods prepared from bismuth(III) monosalicylate in the presence of thioglycolic acid, demonstrates that the key role of -SH group is to provide S 2-or dissolve selenium to form highly reactive selenothiolate. [50] [51] [52] [53] Theoretical calculations show that the reaction between copper and reactive selenothiolate (e.g., An advantage of our method is that it is capable of producing grams of Cu 2-x Se nanostructures in a one pot reaction for investigation of their properties and applications. As mentioned previously, copper selenides such as Cu 2-x Se and Cu 2 Se could be candidate of thermoelectric materials. We investigate the thermoelectric properties of the as-synthesized Cu 2-x Se nanostructures in comparison with commercial Cu 2 Se powder. Both synthetic and commercial powders were sintered by SPS, and the resultant pellets were cut into pieces of a similar size and then measured under the same conditions. 56 As shown in Figure 5 (a), the electrical conductivity of the synthetic Cu 2-x Se sample is higher than that of the commercial Cu 2 Se powder from room temperature to 480 ℃. Due to its excellent electrical conductivity, the Seebeck coefficient of ZT values of our Cu 2-x Se and the commercial sample increase with increasing temperature, and reach 0.28 and 0.38 at 480℃, respectively. These results are also similar to that for Cu 2-x Se prepared from a high-temperature solid state reaction. 57 The higher electrical conductivity and lower overall thermal conductivity of our Cu 2-x Se sample could be attributed to its stable crystal structure, which was re-examined after SPS sintering and thermoelectric measurements. The XRD patterns show that there was no phase transition in the Cu 2-x Se sample after sintering and measurement at high temperature, except that the peaks became narrower and sharper due to the improvement in crystallization at high temperature [ Figure 6 (a)]. The original as-received commercial Cu 2 Se powder consists of cubic and orthorhombic phases, however, the fraction of orthorhombic Cu 2 Se became pronounced after it was sintered into a pellet under the same conditions, and it was completely transformed into the orthorhombic structure after high-temperature measurements [ Figure 6 (b)]. The disordered Cu ions in the cubic structure at high temperature would be highly efficient phonon scattering centres as compared with the orthorhombic structure, which increase the carrier concentration. 12, 18 The average Cu/Se ratios in pellets of our Cu 2-x Se and the commercial samples after SPS and measurement were determined to be 1.93 and 2.02, respectively, by ICP-AES, which shows a higher Cu deficiency in the Cu 2-x Se sample. Increased carrier concentration enhances the the electrical conductivity according to Equations (3-4) , however, the Seebeck coefficient of the Cu 2−x Se compounds was found to decrease with increasing carrier concentration.
where ρ, µ, n, e, α, k, r, and N 0 are the electrical resistivity, carrier mobility, carrier concentration, charge of the electron, Seebeck coefficient, Boltzmann's constant, scattering factor, and Avogadro constant, respectively. 58, 59 In addition to the liquid-like behaviour of copper ions at high temperature, the lower thermal conductivity of our Cu 2-x Se sample could be also due to the presence of nanoscale grains, pores, and boundaries in the pellet, which can effectively improve the phonon scattering and decrease the thermal conductivity. SEM images of pellets made from Cu 2-x Se nanoparticles and commercial Cu 2 Se powder in Figure 6 (c-d) clearly
show that the Cu 2-x Se pellet has a larger amount of nanoscale particles and pores than the Cu 2 Se pellet, although they were sintered under the same conditions (i.e., 430℃, 65 MPa, and 10 min)
by SPS technology. In addition, the pronounced Cu-deficiency in the Cu 2-x Se sample leads to more vacancies, which are also responsible for its lower thermal conductivity. 
Conclusions

